This paper presents first results of an integration with a new three-dimensional atmospheric photochemical model. A fourteen day integration, commencing with the meteorological analysis of 15 Jan 1987, is studied. The NO 2 column shows a high-latitude feature similar to the "Noxon cliff". Preliminary analysis of this is presented.
INTRODUCTION
Modellingstudies of atmospheric chemistry have advanced considerably in recent years. In the early 1970's simple one-dimensional (height only) models were the principal tools of the atmospheric chemist. In the late 1970's, and increasingly during the 1980's, two-dimensional model studies were carried out. These attempted to include the important details of the meridional transport of trace species and, in some cases, to include details of the feedback between ozone concentration, radiative heating and the mean circulation. While these models have had their successes it is clear that many atmospheric phenomena cannot be explained satisfactorily in a two-dimensional framework. On the other hand, the constraints of available computing power have limited the number of studies of atmospheric chemistry using three-dimensional models. In recent years a number of groups have developed such models /1,2,3,4/ and their use will certainly grow, driven by both the ever increasing power of computers and the availabilily of three-dimensional data sets from satellite instruments. This paper presents a description of some chemical studies made using a spectral general circulation model. The initial model was made available by the European Centre for Medium Range Forecasts (ECMWF) and has been modified for various research activities by researchers of the UK Universities GlobalAtmospheric Modelling Project (UGAMP) involving the universities of Reading, Cambridge, Edinburgh, Oxford, Imperial College London and the Rutherford Appleton Laboratory. The studies described here use the chemical schemes developed by the Atmospheric Chemistry Modelling Group at the Department of Chemistry in Cambridge.
Some preliminary results of a fourteen day integration are presented. We have studied in particular the behaviour of the oxides of nitrogen during a simulated stratospheric warming. Low values of the NO2 column are found in the model in high latitudes, a feature similar to that first reported by Noxon /5,6,7/. Reasons for the appearance of the feature are presented.
THE UGAMP MODEL
The UGAMP general circulation model (UGCM) is based on the forecast model of the ECMWF. It uses the spectral method in the horizontal and a finite difference scheme in the vertical. The model resolution can be altered as required. The resolution used for this study is a triangular Before the addition of chemistry a tracer advection facility was incorporated into the modeL This facility allowed passive tracers to be advected in the model using the model derived winds. This "on-line" calculation allows the possibility of incorporating chemically derived fields into the radiation code, for example. The tracer advectioncode was written in such a way that the maximum number of tracers was limited only by the available computer memory, making it very flexible.
The tracer advection is discretised using the spectral method in the horizontal and the finite difference scheme in the vertical, the same method used for the model's other prognostic variables. However, it is well known that the spectral method suffers from deficiencies in representing fields with large horizontal gradients over few gridpoints /9/. These are often highlighted by the occurrence of negative mixing ratio values and regions of undershoot or overshoot where the minimum or maximum vertical mixing ratio value is exceeded. There are two main causes of these problems. First, the grid associated with a spectral truncation supports more waves than is actually used by the model. Thus, small scale information on the grid can be lost. Second, the Gibbs phenomena can occur when the spectral method is used to represent discontinuities or near discontinuities on the grid. This has important consequences for source regions. Thus, for distributions of species in which sharp gradients form through persistent forcing, the spectral technique may not be the most appropriate, although the converse is true for smooth fields.
THE PHOTOCHEMICAL SCHEME
The chemistry scheme used in this study is described by Laiy /10/. The scheme contains a comprehensive treatment of the gas phase chemistry of O~, NO 1, ClO,~, HO,, and their source gases.
It consists of a set of programme modules which have been extensively tested, and validated, as a "stand-alone" diurnal model of the stratosphere. Photolysis rates are calculated using an accurate and efficient photochemical radiative transfer model, which includes the effects of multiple scattering and ground reflection /10,11,12,13!.
CHEMISTRY AND DYNAMICS DURING A MAJOR WARMING
This section briefly presents model results which illustrate the effect of atmospheric dynamics on stratospheric chemistry. The model simulation began with the analysis for 15 Jan 1987 at 12Z and was integrated forward for 14 days. During the winter of 1986/87 there were a series of warmings, with the peak reached on 19 Jan and the final warming occurring in February. This "explosive" major mid-winter warming was one of the most intense observed (the main features of the stratospheric circulation are described by Naujokat et a!. /14/). The model reproduced well the main observa-Fi 1 tional features including the poleward transport of heat g. The 10 mb SSU temperature field for (Figure 1) , which led to 10 mb temperatures being 19 Jan 1987 (Courtesy of Dr A O'Neill).
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higher at the North Pole than at 60°N, and the displacement of the polar vortex towards the European side of the hemisphere (Figure 2 ). These features are of particular importance for the atmospheric chemistry during this period.
Atmospheric dynamics can affect stratospheric chemistry in two main ways, either directly, via a control over the trajectory of air parcels, or indirectly, via its influence over the temperature field. These factors are now illustrated by considering the behaviour of the total column of NO 2, and the associated partitioning of Fig. 2. reactive nitrogen during the run.
The 10 mb SSU geopotential (dam) for 24 Jan 1987 (Courtesy of Dr A O'Neill). In order to separate the effects of transport and chemistry, Figure 3 shows an NO2 field from a model with no dynamics. Low values are found over the winter pole, and there are sharp gradients in mid-latitudes, similar to the "Noxon cliff' first observed by John Noxon /5,6,7/. In this simulation the "Noxon cliff' is formed largely due to the lack of solar illumination present at the winter pole. The cessation of photolysis, for a period of approximately 18 hours leads to a conversion of most of the NO1 present into the reservoir species N205 and HNO3. During January, the region north of 70°Nis in constant darkness, and the cliff is located close to 70°N,and is symmetrical about the pole.
In integrations with the chemical general circulation model, similar results are found in cases where the stratospheric flow is weak. In this case the symmetry about the pole is a consequence of the relative timescales of dynamical and chemical change of NO5 (=NO+NO2) at 10mb, with chemical changes in the levels of NOõccurring much more rapidly than dynamical changes. For the "Noxon N02 (ppbv) -Winter Solstice Fig. 3 . The NO2 distribution at 10 mb for a simulation where only the solar illumination is allowed to change with latitude (temperature and total NOãre fixed at mid latitude values). cliff' to be significantly perturbed by atmospheric dynamics, a rapid movement of air must take place over a time period of less than one day. Alternatively, the chemistry must operate on longer time scales, possibly due to the influence of heterogeneous processes. The dynamical perturbation would be most severe when there is a strong flow directly across the winter pole, rapidly moving air which has spent significant periods in darkness to lower latitudes. Such a flow occurred during the major stratospheric warming of January 1987. To illustrate the strength of the cross polar jet at 10 mb, an inert tracer was released in the jet entrance region (close to 60°N,100°Eat 10 mb), and in a time period of just two days, significant amounts of air were moved across the pole from 60°N,90°Eto 60°N, 270°E (Figure 4 ). The strength of the cross polar jet, which reached a maximum on 19 Jan, is reflected in a severe distortion, and elongation towards North America and Greenland, of the region enclosed by the "Noxon cliff' (Figure 5) . When the strength of the cross polar jet subsided later in the month, the region enclosed by the "Noxon cliff' became more symmetrical, and was again centred over the pole.
The temperature and ozone field also have an important influence over the partitioning of reactive nitrogen species adopted during a given event. For example, during a stratospheric warming, the highest temperatures are associated with the rapid air flow at the peak of the cross polar jet. The fraction of reactive nitrogen present as HNO 3 or N2O5 is a function of temperature. With the high N205 (ppbv) -January 19, 1987 Fig. 6 . The simulated N2O5 distribution at 10 mb for 12Z, 19 Jan (ppbv).
(1)336 temperatures and high ozone concentrations found close to the pole on 19 Jan the levels of N 2O5 are high ( Figure 6 ) and accordingly the levels of HNO3 present at 10 mb are significantly reduced.
CONCLUSIONS
Results have been presented from an integration of a three-dimensional spectral model including a detailed description of gas-phase atmospheric chemistry. The integration spanned the period of a major stratospheric warming in January 1987. Although not shown here, modelled ozone fields agreed reasonably well with available measurements. The NO2 column field shows a feature very similar to that reported by Noxon /5,6,7/with low column amounts in high latitudes. This has been shown to be due to conversion during darkness to N2O5. High polar temperatures and high polar ozone concentrations, produced during the sudden warming, both favour the gasphase production of N2O5. During the most disturbed phase of the warming the low NO2 values are advected significantly southwards. It will be the aim of subsequent studies to investigate the role of heterogeneous processes in the production of the "Noxon cliff' and in particular to see whether the conversion of N2O5 to HNO3 on ice surfaces is necessary to reproduce the observations of the "Noxon cliff" in middle latitudes. It is hoped that future studies will be made with the extended general circulation model which extends to higher altitudes (Gray et al. this issue).
